INTRODUCTION
Adjuvants are agents that enhance immune functions and they have long been recognized as critical components of vaccines. Alum (aluminium salt) has been the only clinically approved adjuvant and only recently has it been subjected to critical investigation. There is a consensus that alum activates the intracellular stress sensors inflammasomes, producing caspase-1 and IL-1 in DC and monocytes [1] [2] [3] [4] [5] [6] . Although some immunization studies in mice deficient in inflammasomes have demonstrated that they are critical for adjuvanticity, but other studies failed to confirm this [5] [6] [7] . It is of interest that the MF59 oil-in water emulsion (squalene), which has been approved in Europe for clinical use in vaccination and the classical Freund's complete adjuvant used in animals, both activate Nlrp3 inflammasomes, yet their adjuvanticity is inflammasome independent [6] .
Inflammasomes are also elicited by stress agents such as thermal or oxidative stress [8] , which induce cell-surface and intracellular HSP70. HSP70 expression is the hallmark of a stress response, which functions as an endogenous danger signal to the immune system [9, 10] . A variety of biological, physical, chemical and metabolic agents induce extracellular and intracellular stress affecting the immune system. Oxidative stress is induced by free radicals of ROS (reactive oxygen species), that leads to a state of redox disequilibrium in cellular glutathione and its disulphide ratio [11] . It serves as a regulator of redox balance and functions as a sensor that triggers the stress response [12] , which may elicit IL-1, Il-8, TNF- and nitric oxide, and cause tissue damage [13] . ROS stimulates the P13K (phosphatidylinositol 3-kinase) pathway, induce downstream ERK 1/2 activation [14] and upregulates CD40, CD86 and other maturation markers of DC [15] .
Homeostatic DC-CD4 These observations led to the hypothesis that Alum may function as a stress agent, which induces HSP70. We examined this paradigm in vivo and tested the requirement of inducible HSP70 for expression of inflammasome and adjuvanticity by inhibition with PES (phenylethynesulfonamide), specific for inducible HSP70 [21] . This in turn led us to investigate in vivo 3 diverse stress agents to ascertain if they function as adjuvants and express the immune functions demonstrated with alum. We selected an oxidative agent (sodium arsenite), K releasing (Gramicidin) and a heavy metal ionophore (dithiocarbamate) for their potential adjuvanticity in comparison with alum. These differ in their properties, they act as stress agents that reactivate quiescent HSV-1 viral genomes [22] and they have been used in clinical practice. Gramicidine is an antibiotic, which functions as an ionophore, penetrating cell membranes, causing K + efflux [23] and is effective against Grampositive bacteria, fungi, protozoa and viruses [24] . It has been used clinically as an ophthalmic antimicrobial (Neoporin) and for genital ulcers [25] . Dithiocarbamate is a fungicide, widely used in agriculture against a broad-spectrum of fungal plant diseases [26] .
It is a metal ionophore, which interferes in vitro with vesicular transport of glutamate [27] . Na arsenite is an oxidative stress agent [28, 29] and although it is a toxin that inhibits many enzymes it is commonly used in the treatment of acute promyelocytic leukaemia [30] .
The investigation was carried out in vivo in 4 groups of BALB/c mice by SC immunization with ovalbumin mixed with each of the 3 stress-agents and alum. Two additional control groups consisted of untreated and OVA-treated mice.
The results suggest remarkable consistency in most of the stress responses, inducing HSP70 and maIL-15 in DC and CD40L with CD44 memory in CD4 + T cells. The stress agents and alum activate caspase-1, production of IL-1 and function as adjuvants by enhancing OVA specific IgG antibodies, generation of OVA-specific CD4 + T cells and proliferation. Altogether, the 3 stress agents elicit inflammasomes and adjuvanticity commensurate with that of alum.
EXPERIMENTAL PROCEDURES Reagents
Goat anti-mouse IL-15 antibodies were obtained from R&D (Abingdon, UK), anti-HSP70 antibodies from Stressgen (US) and antibodies to mouse CD11c, CD4, CD8, CD44, CD40L and CD62L were purchased from BD Biosciences (Oxford, UK). Na arsenite, dithiocarbamate and Gramicidin were obtained from Sigma-Aldwich (Dorset, UK). Alum-Gel-S which contains 2% AL(OH)3 was obtained from Serva (Serva Electrophoresis GmbH). 2-phenylethynesulfonamide (PES) was obtained from Calbiochem (Merck, UK). APC conjugated OVA-tetramer I-A(g7) (141-160 CARELINSWVESQTNGIIRN) and a negative human CLIP-tetramer I-A (g7) was kindly provided by NIH Tetramer Core Facility at Emory University Atlanta, GA).
Animals and immunization
Eight weeks old BALB/c mice were divided into 7 groups of 6-10 mice per group. Except for group 1 which was unimmunized all the other groups were injected s.c. with 100 µl saline containing 10µg OVA as in group 2 and with added 5g arsenite in group 3, 10g Gramicidin in group 4, 20 g dithiocarbamate in group 5, and 10% alum gel-S in group 6. The optimum concentration of each stress agent was determined by prior assay of different concentrations of these agents. An additional group 7 was immunized with alum and 10g of PES per mouse. Immunization was carried out s.c at the base of tail 3 times at 2 weeks intervals. One week after final injection, sera were collected. Mononuclear cells from the spleens were isolated and counted and the viability of the cells was determined by the trypan blue exclusion. Caspase-1 activation in mouse splenic cells was identified by using FAM-FLICA caspase-1 kit (ABD serotec). Murine splenic cells were incubated with 20 µl of 1:300 diluted FAM-YVAD-FMK for 1 hour in 96 well round bottom plates at 37°C. After washing, the cells were treated with PE-labelled anti-murine CD11c mAb and analysed by flow cytometry.
For IL-1 production mouse splenic cells (100 l of 3x10 6 cells) were plated onto 96 well plates and 10ng/ml of LPS was added. After 18 hours incubation, the supernatants were collected and IL-1 was assayed using mouse IL-1 ELISA set (BD OptEIA TM ) Serum IgG antibody assay Murine serum IgG antibodies to OVA were assayed by ELISA. Briefly, plates were coated with a pre-determined optimal concentration of OVA (1 µg/ml) and incubated with double dilution of serum (starting dilution of 1:100). Bound antibody was detected by incubation with rabbit IgG anti-mouse IgG (2 µg/ml; Sigma-Aldrich) antibodies, followed by affinity-purified goat anti-rabbit IgG-alkaline phosphatase conjugate (Sigma-Aldwich). OD values were determined by an ELISA reader.
Statistical analysis
Antibody production was expressed as the total OD of the serially double diluted sera (up to 1:64,000) by calculating the titration area-under curve [32] . The statistical analyses were determined at the planning stage of the design of the investigations. The significance between groups was analysed by ANOVA, followed by comparison with selected groups, using the GraphPad Prism 5 Software. RESULTS
Cell-surface and intracellular HSP70 induced by alum
Heat and oxidative stress upregulates in vitro cell-surface and intracellular HSP70 in human DC [8] . In this investigation we examined HSP70 expression in vivo, following coadministration of OVA with alum in 4 groups of 6-10 BALB/c mice per group, with an untreated and OVA-treated control group. Flow cytometry examination of splenic CD11c high cells, which are predominantly DC, excluding the CD11c low plasmablasts, but not monoctyes (<10%), showed significant increase in the cellsurface HSP70, both in the proportion (p<0.0001) and MFI (p<0.0001) of the 4 groups, as well as separately the alum treated animals (p<0.01; Fig. 1A ). With the intra-cellular HSP70, however the proportion of cells showed no change and the MFI showed a near significant increase (p=0.07; Fig. 1B ).
These findings demonstrate that alum upregulates HSP70 in splenic CD11c
+ cells, suggesting a stress response.
Since inducible HSP70 has not been reported to be involved in the mechanism of alum-induced functions, we used PES (phenylethynesulfonamide), which interacts with the inducible HSP70 peptide-binding domain and leads to disruption of HSP70 cochaparones and substrate proteins [21] . To this end we co-administered PES with alum in a further group of mice and compared the results with those treated with alum alone. As expected PES had no significant effect on HSP70 expression because it affects only the function of HSP70 (Fig. 1) 
and IL-1
Caspase-1 is an integral part of the multiprotein NLRP3 inflammasome complex and was activated by alum (p<0.05; Fig. 2G ). Production of IL-1 was also significantly upregulated (p<0.0001; Fig.  2H ). PES significantly decreased caspase-1 activity from 11.1+0.8% to 8.0+0.3% (p=0.004; Fig. 2G ) and IL-1 expression (from 26.8+3.7 pg/ml to 17.0+2.2 pg/ml (p<0.05; Fig. 2H ). Thus, alum activates caspase-1, which converts pro-IL-1 to the active form involved in stimulating adaptive immune responses. Both functions were partly inhibited with PES, consistent with HSP70 involvement in inflammasomes.
Alum induces adjuvanticity
Adjuvant function of alum has been amply demonstrated but here we use it as a baseline to compare with the stress agents. OVA administered with alum elicited a very significant increase in serum IgG OVA specific antibody production from 1.37+0.13 in the OVA immunized to 3.49+0.27 (p<0.0001) in the OVA + alum immunized mice, assayed one week after the 3 rd and last immunization (Fig. 3A) . IgG antibodies elicited with OVA and alum were significantly inhibited from 3.49+0.27 with alum alone to 2.16+0.2 (p<0.01) with PES and alum immunized mice (Fig. 3A) . Surprisingly, analysis of the effect of PES on the 3 IgG subtypes showed that only IgG2a was significantly inhibited, which is associated with Th1 response (data not presented). The antibodies are expressed as total absorbance (OD) of the serially diluted sera, calculated by the area under the curve. CD4 + T cell responses to OVA were determined first by the OVA-I-A tetramer based assay of CD4 + T cell, which showed significant increase in OVA specific CD4 + T cells in the alum immunized groups (0.55+0.06%, Fig. 3B ), compared with OVA alone immunized mice (0.22+0.02%, p<0.001).
The corresponding flow cytometry illustrations are presented (Fig.  3C ).
Proliferative responses of OVA specific CD4 + T cells were assayed after restimulation in vitro with 20g OVA. Significant increase in proliferation was found in OVA immunized mice treated with alum (from 3.0+1.0 to 10.8+1.5%, p<0.05), but not with OVA alone (Fig. 3D) .
Inhibition with PES again demonstrated significant decrease in OVA specific CD4 + T cells (p<0.01; Fig. 3B and C), as well as in the proliferation of splenic cells (p<0.05, Fig. 3E ). These inhibition studies argue in favour of the adjuvanticity of alum in murine OVA-specific B and T cell responses being at least partly dependent on inducible HSP70.
It is important to note that these effects were observed in vivo, in the absence of any changes in the proportion of viable CD4 + and CD8 + T cells, CD19 + B cells and total splenic cell population after administration of PES (Fig. 3F ), ruling out PES induced cytotoxicity. Altogether, the mechanism of CD11c + DC-CD4 + T cell interaction, manifested in the serial expression of maIL-15, CD40L respectively, activation of caspase-1, IL-1, inflammasome and adjuvant functions appears to be partly dependent on alum stimulated inducible HSP70.
Cell-surface and intracellular HSP70 induced by the stress agents
We examined HSP70 expression in vivo, following co-administration of OVA with Na arsenite, Gramicidin or dithiocarbamate in 3 groups of 6-10 BALB/c mice per group, with an untreated and OVAtreated control groups as described above for alum. Flow cytometry examination of splenic CD11c high cells, showed significant difference in the cell-surface HSP70, both in the proportion (ANOVA, p<0.0001) and MFI (ANOVA, p<0.0001) among all groups of mice. Each of the stress agent treated group of animals showed significant upregulation of cell-surface HSP70 (p<0.01 or <0.001; Fig. 4A ). With the intra-cellular HSP70, however only MFI increased (ANOVA, p<0.0001) and all but dithiocarbamate were significantly upregulated (p<0.001; Fig. 1B ). These findings demonstrate that cell-surface and intracellular HSP70 in the splenic CD11c 
T cells
All 3 stress agents significantly upregulated maIL-15 (ANOVA, p<0.0001). OVA alone had no significant effect, (from 8.2+0.9% to 10.4+ 1.4%) but a significant increase was found after immunization with Na arsenite 13.2+0.3% (p<0.01), Gramicidin 16.1+1% (p<0.01) or dithiocarbamate 18+0.6% (p<0.001; Fig. 5A ), as was shown above with alum 17.8+0.9%. The corresponding flow cytometry illustrations are also presented (Fig. 5D ).
Significant differences of CD40L expression in CD4 + T cells were found in the entire cohort of mice (ANOVA, p<0.01 Fig. 5G, H) , except Na arsenite, though IL-1 was upregulated from 0.4+0.3pg/ml to 6.9+1.6 pg/ml. Thus, both alum and the stress agents activate caspase-1, which converts pro-IL-1 to the active form involved in stimulating adaptive immune responses.
Stress-induced adjuvanticity
Adjuvant function of stress-inducing agents has received limited attention in the past. Here we have examined the effect of administering the stress agents with OVA on antibody and CD4 + T cell responses, as was done with alum. Serum IgG OVA specific antibody production assayed one week after the 3 rd immunization showed significant difference in the 5 groups of mice (ANOVA, p<0.0001; Fig. 6A ). Significant increase in OVA IgG antibodies were recorded in mice immunized with OVA and Na arsenite (2.39+0.26, p<0.05), Gramicidin (3.68+0.33, p<0.001) and dithiocarbamate (2.55+0.2, p<0.001), compared with OVA immunized controls (1.37+0.13, Fig. 6A ).
Mice immunized with OVA alone showed no significant increase. The antibodies are expressed as total absorbance of the serially diluted sera, calculated by the area under the curve.
The OVA-I-A tetramer based assay of CD4 + T cell responses to OVA, showed significant difference in OVA specific CD4 + T cells in the 5 groups (ANOVA p<0.01). Significant increases were also found separately with Na arsenite (0.46+0.12%, p<0.05), Gramicidin (0.4+0.11%, p<0.05) and dithiocarbamate (0.53+0.08%, p<0.01) immunized, compared with OVA immunized mice (0.22+0.01 %, Fig. 6B ) and the corresponding flow cytometry illustrations (Fig. 6D) .
Proliferative responses of OVA specific CD4 + T cells were then assayed after restimulation in vitro with 20g/ml OVA (Fig. 6C ). Significant increases in proliferation were found in OVA immunized mice treated with Na arsenite (from 2.4+0.8 to 10.7+2.8%, p<0.05), Gramicidin (from 4.5+1.3% to 36.8+3.8%, p<0.01) and dithiocarbamate (from 4.1+1.2% to 29.9+2.8%, p<0.01) (Fig.  6C) . Thus, adjuvanticity of 3 separate stress agents were comparable with those recorded above for alum. 
DISCUSSION

